To investigate the role of the leukocyte adhesion molecules CD18 and intercellular adhesion molecule (ICAM)-1 in the development of choroidal neovascularization (CNV). METHODS. Laser photocoagulation was used to induce CNV in wild-type C57BL/6J mice and species-specific counterparts with targeted homozygous disruption of the CD18 or ICAM-1 gene. Expression of CD18 and ICAM-1 after laser injury was assessed by immunostaining. CNV responses were compared on the basis of en masse volumetric measurements obtained by confocal microscopy 2 weeks after laser injury and by determination of fluorescein angiographic leakage at 1, 2, and 4 weeks after laser injury. RESULTS. The site of laser injury showed upregulation of ICAM-1 and invasion by CD18-positive leukocytes within 1 day of laser injury. Significantly fewer lesions exhibited fluorescein leakage defined to be pathologically significant in CD18-deficient mice at weeks 1, 2, and 4 weeks and in ICAM-1-deficient mice at 1 and 4 weeks, compared with the control. There were a significantly greater number of lesions without fluorescein leakage in CD18-deficient mice than in the other two groups at all time points. The volume of CNV in CD18-and ICAM-1-deficient mice was significantly less than in wild type. CONCLUSIONS. These data suggest a nonredundant role for leukocyte adhesion to vascular endothelium in the development of laser-induced choroidal neovascularization. (Invest Ophthalmol Vis Sci.
A ge-related macular degeneration (AMD) is the leading cause of irreversible blindness among the elderly in most industrialized nations. 1 Yet, little is known about the molecular mechanisms of choroidal neovascularization (CNV), the angiogenic process responsible for most of the severe vision loss in patients with AMD. 2 Leukocytes have been implicated in the pathogenesis of AMD, because their spatiotemporal distribution correlates with arborizing CNV in humans 3 and in animal models. 4 Macrophages are found in proximity to thinned and perforated areas of Bruch's membrane 5, 6 and participate in the digestion of the outer collagenous zone of Bruch's membrane, 5 both of which facilitate the subretinal entry of CNV. There is growing evidence that leukocyte-mediated angiogenesis involves the interaction of cellular adhesion molecules and vascular endothelial growth factor (VEGF), 7, 8 which itself is operative in CNV. 9 -11 VEGF induces the expression of intercellular adhesion molecule (ICAM)-1 on tumor and retinal vascular endothelium and regulates leukocyte adhesion to endothelial cells. 12, 13 ICAM-1 blockade decreases VEGF-induced leukostasis in the retina 13, 14 and angiogenesis in the cornea. 8 These systems are intertwined: leukocytes, which possess receptors for and migrate in response to VEGF, 15 can also produce and release VEGF. 16 The laser photocoagulation model of induced CNV captures many salient pathologic and molecular features of neovascular AMD. Therefore, we investigated the effects of ICAM-1 and its cognate receptor CD18 in a murine model of laser-induced CNV.
METHODS

Animals
All animal experiments were in accordance with the guidelines of the University of Kentucky and Massachusetts Eye and Ear Infirmary Animal Care Committees and the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. CD18-(C57BL/6J-Itgb2 tm1bay ) and ICAM-1-deficient (C57BL/6J-Icam1 tm1Bay ) mice, backcrossed onto the C57BL/6J background over 10 generations, were purchased from Jackson Laboratories (Bar Harbor, ME), as were wild-type C57BL/6J mice, which served as the control. Thus, these mice were expected to be more than 99.9% similar at all unlinked loci. Species specificity is important because genetic background determines susceptibility to neovascularization. 17 Only male mice between 4 and 6 weeks of age were used, to minimize variability, because age 18 and sex (Tanemura M, Miyamoto N, Mandai M, Honda Y, ARVO Abstract 530, 2001) can influence susceptibility to CNV. Genotypes were confirmed by PCR of genomic DNA extracted from tail snips. For all procedures, anesthesia was achieved by intramuscular injection of 50 mg/kg ketamine hydrochloride (Abbott, North Chicago, IL) and 10 mg/kg xylazine (Bayer, Shawnee Mission, KS), and pupils were dilated with topical 0.5% tropicamide (Alcon, Humacao, Puerto Rico). The publication costs of this article were defrayed in part by page charge payment. This article must therefore be marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. both eyes of each animal (n ϭ 10 per group) by an operator masked to its genetic identity. 19 Four laser spots were applied in a peripapillary distribution in a standardized fashion, two to three disc diameters from the optic nerve, using a slit lamp delivery system and a coverslip as a contact lens. The morphologic end point of the laser injury was the appearance of a cavitation bubble, a sign thought to correlate with the disruption of Bruch's membrane.
Induction of CNV
Fluorescein Angiography
Fluorescein angiography was performed by an operator masked to the genetic identity of the animal, with a commercial camera and imaging system (TRC 50 VT camera and IMAGEnet 1.53 system; Topcon, Paramus, NJ), at 1, 2, and 4 weeks after laser photocoagulation. The photographs were captured with a 20-D lens in contact with the fundus camera lens, after intraperitoneal injection of 0.1 mL of 1% fluorescein sodium (Akorn, Decatur, IL).
Two masked retina specialists not involved in laser photocoagulation or angiography evaluated the fluorescein angiograms at a single sitting. Lesions were graded on an ordinal scale based on the spatial and temporal evolution of fluorescein leakage as follows: 0 (nonleaky): no leakage, faint hyperfluorescence, or mottled fluorescence without leakage; 1 (questionable leakage): hyperfluorescent lesion without progressive increase in size or intensity; 2A (leaky): hyperfluorescence increasing in intensity but not in size; no definite leakage; 2B (pathologically significant leakage): hyperfluorescence increasing in intensity and in size; definite leakage.
Volume of CNV
Two weeks after laser injury, eyes were enucleated and fixed with 4% paraformaldehyde for 30 minutes at 4°C. Eyecups obtained by removing anterior segments were washed three times in phosphate-buffered saline (PBS; Invitrogen-Life Technologies, Grand Island, NY), followed by dehydration and rehydration through a methanol series. After blocking was performed twice with buffer (PBS containing 1% bovine serum albumin [BSA; Sigma, St. Louis, MO]) and 0.5% Triton X-100 [Sigma]) for 30 minutes at room temperature (RT), eyecups were incubated overnight at 4°C with 0.5% fluorescein Griffonia simplicifolia lectin I (Vector Laboratories, Burlingame, CA), which binds to terminal ␤-Dgalactose residues on the surface of endothelial cells and selectively labels the murine vasculature, diluted with PBS containing 0.2% BSA and 0.1% Triton X-100. After two washings with PBS containing 0.1% Triton X-100, the neurosensory retina was gently detached and severed from the optic nerve. Four relaxing radial incisions were made, and the remaining RPE-choroid-sclera complex was flatmounted (Immu-Mount Vectashield Mounting Medium; Vector) and coverslipped.
Flatmounts were examined with a scanning laser confocal microscope (TCS SP; Leica, Heidelberg, Germany). Vessels were visualized by exciting with blue argon laser wavelength (488 nm) and capturing emission between 515 and 545 nm. A 40ϫ oil-immersion objective was used for all imaging studies. Horizontal optical sections (1-m thickness step) were obtained from the surface of the RPE-choroid-sclera complex. The deepest focal plane in which the surrounding choroidal vascular network connecting to the lesion could be identified was judged to be the floor of the lesion. Any vessel in the laser-treated area and superficial to this reference plane was judged as CNV. Images of each section were digitally stored. The area of CNV-related fluorescence was measured by computerized image analysis with the microscope software (TCS SP; Leica). The summation of whole fluorescent area in each horizontal section was used as an index for the volume of CNV.
Immunostaining
Enucleated eyes were fixed (Histochoice MB; Amresco, Inc., Solon, OH) for 48 hours, and 7-m paraffin sections were cut. Immunostaining was performed on deparaffinized sections preincubated with serum-free protein block (Dako, Carpinteria, CA) for 30 minutes at RT.
Endogenous alkaline phosphatase activity was quenched with levamisole. Sections were then incubated for 1 hour at RT with rat anti-mouse CD18 (M18/2; Chemicon, Temecula, CA), rat anti-mouse ICAM-1 (KAT-1; R&D Systems, Minneapolis, MN), or rabbit anti-human von Willebrand Factor (A0082; Dako). Tissues were then incubated with diluted primary antibody (2-10 g/mL) for 1 hour at RT. Diluted biotinylated secondary IgG (2-10 g/mL) was applied for 30 minutes at RT. Signal amplification was obtained with a kit (Vectastain Indirect; Vector) followed by a streptavidin-biotin-alkaline phosphatase complex (ABC Kit; Vector). Color development was performed (Vector Red; Vector) and sections counterstained with hematoxylin. Specificity of staining was assessed by omitting the primary antibody.
Statistics
Fluorescein Angiography. Differences in incidence of grade-0 or -2B lesions between groups were analyzed by repeatedmeasures nested logistic regression. Because the probability development of CNV in each laser lesion is influenced by the group to which the lesion belongs, the mouse, the eye, and the laser spot, the nested design consisted of four measures (laser spots) per eye within two measures (eyes) per mouse within five measures (animals) per group. As the dependent variable (lesion grade) is ordinal with four levels, logistic regression considering both a between-subjects design (three groups, each with five animals) and a within-subjects design (two eyes and three time points) was performed. Because of the within-subjects part of the design, a repeated-measures analysis with the three factors (group, eye, time point) as main effects, and with two-way interactions was undertaken. Correlations between groups and lesion grades were analyzed by a multivariate permutation test. Two-tailed differences with a type I error not exceeding 0.05 were considered significant.
Volume of CNV. The mean lesion volumes were compared by
using a linear mixed model with a split-plot, repeated-measures design. The whole-plot factor was the genetic group to which the animal belonged, and the split-plot factor was the eye. Statistical significance was determined at the 0.05 level. Post hoc comparison of means was constructed with a Bonferroni adjustment for multiple comparisons (P Ͻ 0.017).
RESULTS
In wild-type C57BL/6J mice, numerous CD18-and ICAM-1positive cells were concentrated at the site of the laser lesion as early as 1 day after injury and persisted up to 4 days (Fig. 1) . These findings were restricted to the sites of injury and not generalized throughout the eye.
The volume of CNV in CD18-deficient mice was reduced by 67.0% Ϯ 10.9% (P Ͻ 0.0001) and by 75.7% Ϯ 8.6% (P Ͻ 0.0001) in ICAM-1-deficient mice, compared with wild-type C57BL/6J mice at 2 weeks after laser injury (Fig. 2 ). There was no statistically significant difference in CNV volume between the two knockout strains or between eyes within genetically identical groups. Both flatmounts and serial sections taken at 2 weeks after injury showed markedly smaller CNV membranes in CD18-and ICAM-1-deficient animals compared with those in wild types ( Fig. 3) .
At 1, 2, and 4 weeks after laser photocoagulation, pathologically significant leakage (grade-2B lesions) developed in most of the wild-type mice, but in significantly fewer CD18-deficient mice ( Fig. 4) . At weeks 1 and 4, significantly fewer lesions in the ICAM-1-deficient mice were grade-2B compared with wildtype animals, with a similar trend approaching significance at week 2. Fewer CD18-deficient mice (P ϭ 0.002) and ICAM-1deficient mice (P ϭ 0.028) had three or more grade-2B lesions in each eye compared with the wild type ( Fig. 5 ). At weeks 1 and 2, there was a significantly greater number of nonleaky (grade 0) lesions in the CD18-deficient mice than in the other two groups, with a similar trend approaching significance at week 4 ( Fig. 6) . A trend toward a greater number of grade-0 lesions in the ICAM-1-deficient mice than in the control mice was observed. Odds ratios highlight the significant differences between proportions of grade-0 or -2B lesions between groups at all time points (Table 1 ). There were no significant intragroup differences in the proportion of grade-0 or -2B lesions at any time point in any of the three groups. No significant regression of CNV, as evaluated by fluorescein angiography, was observed within any group at the three time points. There was a high correlation between the group and the lesion grades (r ϭ 0.544, P Ͻ 0.001).
DISCUSSION
In our study, CD18 or ICAM-1-deficient mice had smaller CNV membranes that also exhibit decreased fluorescein leakage than wild-type mice. This is consistent with the findings of ICAM-1 expression in the endothelial cells of CNV membranes in patients with AMD 20 (Nozaki M, Ozeki H, Ogura Y, ARVO Abstract 1229, 2001) and in laser-induced CNV in rats, 21 buttressing the growing body of evidence implicating leukocytes and leukocyte adhesion molecules in the initiation of angiogenesis. The inhibition of CNV, although marked, was incomplete in both knockout groups, suggesting the presence of alternate mechanisms of angiogenesis. Nevertheless, the substantial inhibition of CNV in this model supports the hypothesis that CD18 and ICAM-1 play a key role in initiating or at least facilitating CNV, particularly because cells expressing these markers are abundant in the site of CNV early after laser injury. Further, the extent of the requirement for CD18 and ICAM-1 in CNV may be more than demonstrated herein because genetic ablation is incomplete in these leaky knockouts. 22, 23 In addition, the full contribution of leukocytes to CNV induction may not have been extracted in this paradigm because leukocyte adhesion sometimes can be CD18 independent. 24 We found significantly greater inhibition of CNV-associated angiographic leakage in CD18-deficient than in ICAM-1-deficient mice, perhaps due to variations in the degree of hypomorphism in gene expression between the two groups, because these mutations are not completely null. Blockade of CD18 results in greater inhibition of leukocyte adhesion to RPE cells in response to inflammatory cytokines than blockade of ICAM-1. 25 This suggests that CD18 may recognize ligands other than ICAM-1, as appears to be the case in the accumulation of dendritic cells in the lung. 26 CD18 may bind to fibronectin, 27 which is found in the basement membrane of CNV in AMD. 5, 28 Also, due to alternative RNA splicing, ICAM-1-deficient mice are not completely devoid of cell surface ICAM-1 expression 23 and contain normal levels of circulating soluble ICAM-1, 29 which can promote angiogenesis. 30 A consensus has yet to evolve in quantifying experimental CNV. Both anatomic and functional metrics have been used. The former include measuring thickness and area on serial sections or volumes by confocal microscopy on RPE-choroidal flatmounts, aided by an endothelial cell marker. En masse volumetric measurements are less susceptible to nonorthogonality and loss/poor quality of sections than serial sectioning. Fluorescein angiography has been used to comment on the leakage of these lesions, presumably correlating with their activity due to incompetence of the immature vessels.
We used both anatomic and functional metrics of measuring CNV to reinforce the fidelity of our findings. Although both clinical 31, 32 and experimental 33 CNV typically demonstrates fluorescein leakage, both types of CNV can be angiographically silent, [33] [34] [35] [36] which correlates with envelopment by RPE. 37 In addition, fluorescein leakage correlates with visual acuity in patients with AMD, 38 -40 and also permits longitudinal evaluation of the evolution of the laser lesions, unlike histopathological examination. Therefore, we defined grade-2B lesions, which have an angiographic and clinical appearance akin to classic CNV, 41 as pathologically significant. Notably, these are the type of lesion affected most by CD18 and ICAM-1 adhesion. Confocal microscopy disclosed the presence of CNV in grade-1, -2A, and -2B lesions but not in grade-0 lesions (Taguchi H, Kim RY, Razavi S, Connolly EJ, Gragoudas ES, Miller JW, ARVO Abstract 880, 2000). However, the hyperfluorescence of grade 1, and perhaps grade 2A, lesions may be due to transmission through RPE defects. Although the laser-induced model of CNV may involve processes not relevant to AMD, it captures many of the important features of the human condition. Laser photocoagulation that disrupts Bruch's membrane can induce CNV in humans. 42 Both in experimental models and in AMD, newly formed vessels that are functionally incompetent 19, 41, 43 project into the subretinal space through defects in Bruch's membrane. Aggregation of leukocytes near arborizing neovascular tufts 3,4,44 -46 is another shared feature of experimental and clinical CNV. Immunostaining has demonstrated the presence of VEGF and its receptors, 47, 48 basic fibroblast growth factor, 49,50 transforming growth factor-␤, 49, 51 tumor necrosis factor-␣, 45 Fas, and Fasligand 52, 53 in cells composing the CNV membranes in both conditions.
We postulate that laser photocoagulation incites inflammation, leading to endothelial upregulation of ICAM-1, which binds to CD18, mediating firm leukocyte-endothelial adhesion and transmigration. 54 Laser photocoagulation leads to production of VEGF by RPE cells, 48 predominantly on the choroidal side. 55 In addition to stimulating proliferation of adjacent choroidal vascular endothelium, VEGF can upregulate ICAM-1 expression on endothelium. 12, 13 Circulating leukocytes, which migrate in response to VEGF, 16 can then bind to this activated endothelium and to RPE. 25 Through their own release of VEGF, 16 leukocytes can amplify the locally produced VEGF response as they bind to the endothelium. Also leukocytederived cytokines can stimulate VEGF production in RPE cells 45 and choroidal fibroblasts. 56 Leukocytes can perpetuate their ingress by stimulating RPE cells to secrete the chemotaxins IL-8 and monocyte chemotactic protein-1 into the choroid in a polarized gradient 57, 58 and to express ICAM-1 preferentially on the choroidal surface. 25 Leukocytes may also produce matrix metalloproteinases (MMPs) directly 59, 60 or by releasing VEGF, which induces expression of MMP in endothelial cells. 61 These MMPs, which have been found in CNV in AMD, 62 can facilitate endothelial cell migration during angiogenesis.
In conclusion, the development of CNV is inhibited in mice deficient in the CD18 or ICAM-1 gene. Our observations suggest that CD18-and ICAM-1-mediated leukocyte adhesion are nonredundant events in the development of clinically apparent CNV, which is the principal cause of vision loss in AMD. 2 These findings may be relevant to neovascularization elsewhere in the body, where leukocytes and growing vessels are often found in proximity. 63 Because leukocytes are the principal purveyors of host defense, targeted methods of inhibiting adhesion molecules such as local drug delivery 64 would be desirable. 
